ABSTRACT The difference in the ability of Pekin and Muscovy ducks to develop hepatic steatosis could result from a different peripheral lipoprotein lipase (LPL) activity, which hydrolyses triacylglycerol secreted by the liver. We studied the kinetics of plasma LPL activity in response to a meal at different ages in Pekin and Muscovy ducks. For that purpose, blood samples were taken at 5, 9, 12, 13, and 14 wk of age just before and 1, 2, 4, and 8 h after a meal. To release LPL into general circulation, an i.v. injection of heparin (400 IU/kg of BW) was administered 10 min before blood collection. For that reason, different ducks per genotype were used for each point of measurement (n = 6). Plasma LPL activity measured before the meal was negatively correlated with the weight of the fatty liver measured in the same ducks at 14 wk of age (r = −0.58, P < 0.001). Plasma triacylglycerol level measured before the meal was negatively correlated with plasma LPL activity measured in the same ducks (r = −0.31, P = 0.025) and was negatively correlated with plasma LPL activity measured in the same ducks for each age and each timing (r = −0.39, P < 0.001). At 14 wk of age for Muscovy and Pekin ducks, we observed that a high plasma LPL activity (>200 IU/L of plasma) corresponded to a relatively low development of fatty liver (190 g) induced by overfeeding, whereas a low plasma LPL activity (<150 IU/L of plasma) corresponded to a high propensity to develop fatty liver (470 g). In conclusion, plasma LPL activity measured just before the meal during the rearing period could be used as a marker of hepatic steatosis development during the overfeeding period.
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Is there a relationship between the kinetics of lipoprotein lipase activity after a meal and the susceptibility to hepatic steatosis development in ducks?
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INTRODUCTION
During an overfeeding period, waterfowl develop hepatic steatosis induced by an increased rate of lipogenesis from dietary carbohydrates (Saadoun and Leclercq, 1987) combined with an impairment of hepatic lipid secretion (Hermier et al., 1991; Fournier et al., 1997) . Within the different species of waterfowl, the susceptibility to hepatic steatosis can be different according to species or breeds. For example, Landes geese (Anser anser) produced a higher fatty liver than Poland geese (Anser anser). Pekin ducks (Anas platyrhynchos) exhibited a higher lipid content in muscle and adipose tissues but a smaller fatty liver by comparison with Muscovy ducks (Cairina moschata) Chartrin et al., 2006a) . This difference between species of geese or ducks can result from different mechanisms such as a lower hepatic ability for very low density lipoprotein secretion (Fournier et al., 1997) . suggested that the i.m. fattening (IMF) in waterfowls may partly depend on the peripheral activity of lipoprotein lipase (LPL), which hydrolyses the lipoproteins rich in triacylglycerol (TG). Jeukendrup (2002) and Holloway et al. (2009) hypothesized that difference in the balance between muscular lipogenesis and oxidation of the long-chain fatty acids (precursor of TG synthesis) may be an important factor implicated in different IMF content between species.
Lipoprotein lipase activity can partly control lipid storage between liver and extrahepatic tissues. Actually, in overfed ducks, the plasma LPL activity measured 90 min after a meal was higher in Pekin ducks than in Muscovy ducks according to the IMF content observed in these 2 species of ducks and with postprandial plasma TG concentrations measured after 2 injections of antibodies against avian LPL (An-dré et al., 2007) . Chartrin et al. (2006a) also found a higher LPL activity in muscles of Pekin ducks than in those of Muscovy ducks. Similar results were observed between different breeds of chickens (Griffin et al., 1987) or geese (Davail et al., 2000) . Moreover, Davail et al. (2000) demonstrated in overfed Landes geese that fatty liver weight was negatively correlated with plasma LPL activity measured a few weeks before the overfeeding period, suggesting that lipoprotein TG not hydrolyzed by LPL may return to the liver and contribute to the development of hepatic steatosis. However, LPL activity was always only measured at one time after meal. Moreover, Davail et al. (2003) showed different levels of LPL activity at the beginning or at the end of the overfeeding period. In fact, postprandial LPL activity was similar in plasma of Pekin and Muscovy ducks at the beginning of the overfeeding period and higher in Pekin ducks than in Muscovy ducks at the end of the overfeeding period, but no data were available concerning a postprandial kinetic measurement of LPL activity on ducks before and at the beginning, middle, and end of the overfeeding period.
In this context, the aim of the present study was to follow the kinetics of plasma LPL activity in response to a meal at different ages as well as its evolution throughout the overfeeding period in Pekin and Muscovy ducks and its possible relationship with the ability to develop hepatic steatosis. Actually, we hypothesized that LPL activity would be inversely related to the susceptibility of developing hepatic steatosis, which might explain the relative differences in the effects of overfeeding between Pekin and Muscovy ducks. We also investigated the relationship between the susceptibility to hepatic steatosis development and plasma TG level.
MATERIALS AND METHODS

Birds
All experimental procedures were performed in accordance with the French National Guidelines for the Care and Use of Animals for Research Purposes (Certificate of Authorisation to Experiment on Living Animals, no. 7740, Ministry of Agriculture and Fish Products). This experiment was carried out using male 1-d-old ducks from 2 species: Muscovy and Pekin. A total of 160 ducks were reared per species to ensure that there were 150 birds per species for the experiment. The birds were distributed into 2 groups (1 group/species) and reared under usual conditions of light (24 h of light for the first 3 d then natural photoperiod with a decreasing daylight between 14 and 10 h as the birds were reared from August until November) and temperature (26°C for the first 3 d and then a decrease of 2°C every 3 d to reach 18°C) at the Experimental Station for Waterfowl Breeding (INRA Artiguères, Benquet, France).
From hatching to 4 wk of age, ducks were ad libitumfed first with a starting diet then from 4 to 6 wk with a growing diet (Table 1) . From 6 to 12 wk of age, they were fed with the same but restricted diet (about 80% of ad libitum feeding). At 12 wk of age, species were overfed with corn and corn meal for 14 d. At 14 wk of age, birds were deprived of feed overnight (12 to 14 h) and provided with water. Ducks were then all killed by sectioning of the neck alternating between species to have the same average starvation period for each species. Livers were excised and weighed. During the starting and growing periods, total feed consumption was recorded per group (n = 1). During the overfeeding period, the amount of feed ingested was recorded per duck. Total feed consumption per duck and per period was 2.80 and 3.30 kg between 0 and 4 wk of age, 10.7 and 10.3 kg between 4 and 12 wk of age, and 11.8 and 12.0 kg between 12 and 14 wk of age for Muscovy and Pekin ducks, respectively.
Experimental Design
The plasma LPL activity was studied in Pekin and Muscovy male ducks at 5, 9, 12 (beginning of overfeeding), 13 (middle of overfeeding), and 14 (end of overfeeding) wk of age according to postprandial kinetics (n = 6 for one age and one timing). At each age, blood samplings were performed before (T0) and 1, 2, 4, and 7 (only for 12 wk of age) or 8 h after a meal. Birds were different for each age and each timing (n = 150 for the experiment and per species). At each age, the starvation period before the meal was the same for all ducks: 12 h. To measure the LPL activity in plasma, the enzyme must be released into general circulation by i.v. injection of heparin because the LPL is anchored to the endothelial cell wall of the extrahepatic tissues by attachment to heparin or heparin-like components (Cryer, 1981; Pedersen et al., 1983) . Therefore, ducks were injected with heparin in the wing vein (400 IU/kg of BW, Greten et al., 1968; Davail et al., 2003) 10 min before blood collection by occipital venous puncture in a vacuum tube containing heparin. Plasma samples were separated by centrifugation at 3,000 × g for 10 min at 4°C and kept at −80°C until further analyses.
For each age and each timing, a blood sample was collected before the i.v. injection of heparin to quantify TG concentration in plasma.
Blood Analysis
Postheparin LPL activity was determined in plasma from fed birds, according to Benson et al. (1975) . A total volume of 400 µL of sample was added to 500 µL of 0.1 M NH 4 Cl-NH 4 OH (pH 8.6) containing 3% BSA and 15% Intralipid (Kabivitrum AB, Stockholm, Sweden) and preincubated at 37°C for 30 min with heatinactivated (56°C, 10 min) duck serum. The fatty acids resulting from substrate hydrolysis after 60 min of incubation at 37°C were determined colorimetrically using a NEFA HR2 kit provided by Sobioda (MontbonnotSaint-Martin, France; Rogiers, 1978) .
Plasma TG was quantified by colorimetric enzymatic methods using a kit provided by Bio-Mérieux (Marcy-l'Etoile, France) according to Fossati and Prencipe (1982) .
Statistical Analysis
Values are expressed as the means ± SD of 6 birds per species. Except for feed consumption for which we only had 1 pen per species (n = 1), for all of the other variables the species effect was tested by ANOVA for each age (5, 9, 12, 13, and 14 wk) and each time period (before and 1, 2, 4, and 8 h after the meal) because the birds were specific for each measurement point. Differences were considered significant at P ≤ 0.05. We also conducted linear regression analyses according Schwartz (1993) to calculate Pearson correlation coefficients: between LPL activity measured at T0 and at all • ages and the fatty liver yield (g/100 g of BW) measured in the same ducks at 14 wk of age for both genotypes or among each genotype; between plasma TG level and LPL activity, taking • into account all ages and all timings; between plasma TG level and LPL activity mea-• sured before the meal at all ages; and between plasma TG level measured at T0 and all • ages and the fatty liver yield (g/100 g of BW) measured in the same ducks at 14 wk of age for both genotypes. 
RESULTS
Body and Liver Weights
At 14 wk of age, Muscovy ducks exhibited a greater BW than Pekin ducks (P < 0.001; Table 2 ). Liver weight of Muscovy ducks was 2.8-fold higher than that of Pekin ducks (P < 0.001). The liver weight:BW ratio was 2.5-fold higher in Muscovy ducks than that of Pekin ducks (P < 0.001). Plasma lipoprotein lipase (LPL) activity (IU/L of plasma) measured before and 1, 2, 4, and 7 (only for 12 wk of age) or 8 h after the meal in Muscovy and Pekin ducks at 5, 9, 12, 13, and 14 wk of age (panels A, B, C, D, and E, respectively, mean ± SD, n = 6 per age/timing per species). *P < 0.05; **P < 0.01; ***P < 0.001. 
Plasma LPL Activity
For each age (except at 13 wk of age), Pekin ducks exhibited a higher LPL activity than Muscovy ducks before the meal (T0; Figure 1 ). At 5 and 14 wk of age, and for each time period after the meal, Pekin ducks exhibited a higher LPL activity than that measured in Muscovy ducks. At 13 wk of age and 1 and 2 h after the meal, Pekin ducks exhibited a higher LPL activity than that of Muscovy ducks. For all of the other points, there were no significant differences due to species.
At 5 wk of age, the LPL activity measured at each timing after the meal was decreased by comparison with that measured at T0 (P < 0.001 and P < 0.05 for Muscovy and Pekin ducks, respectively). At 9 and 12 wk of age, the LPL activity was decreased 2 and 4 h after the meal (P < 0.05) then recovered the initial value measured at T0 because measurement at T0 and 8 h after a meal was not different for the 2 species of ducks. At 13 and 14 wk of age (middle and end of overfeeding), LPL activity in Muscovy ducks decreased after the meal (P < 0.05), whereas in Pekin ducks, it remained high 1 and 2 h after the meal then decreased 4 and 8 h after the meal by comparison with the value measured at T0 (P < 0.05, except after 4 h at 13 wk of age).
Lipoprotein lipase activity only measured before the meal and at all ages was negatively correlated with the yield of fatty liver (g/100 g of BW) measured in the same ducks at 14 wk of age (r = −0.58, P < 0.001, Figure 2 ). Among each genotype, this correlation was r = −0.18 (P < 0.05) for Muscovy ducks and r = −0.26 (P < 0.05) for Pekin ducks. Ducks exhibiting a high LPL activity measured at T0 (>200 IU/L of plasma) also had a small fatty liver (190 g), whereas a low LPL activity measured at T0 (<150 IU/L of plasma) corresponded to an important development of fatty liver (470 g) at 14 wk of age for Muscovy and Pekin ducks.
Plasma Level of TG
Pekin ducks exhibited a plasma TG level higher than Muscovy ducks at 5 wk of age and 8 h after the meal (P < 0.05) and at 13 wk of age and 1 h after the meal (P < 0.01; Figure 3) . Muscovy ducks exhibited a higher plasma TG level than that of Pekin ducks at 12 wk of age and 7 h after the meal (P < 0.01). We did not observe any differences between species for the other timing.
For all ages (except 13 wk of age), the 2 species of ducks exhibited increases in plasma TG level at 2 and 4 h after the meal (P < 0.05, except at 4 h after a meal and 5 wk of age for Pekin ducks).
Taking into account all ages and all time periods, plasma TG level was negatively correlated with the LPL activity measured in the same ducks (r = −0.39, P < 0.001, Figure 4 ). Moreover, plasma TG level only measured before the meal was negatively correlated with the LPL activity measured in the same ducks (r = −0.31, P = 0.025, Figure 4) . The correlation between Figure 3 . Changes of plasma triacylglycerol (TG) concentrations (mmol/L) before and 1, 2, 4, and 7 (only for 12 wk of age) or 8 h after the meal in Muscovy and Pekin ducks at 5, 9, 12, 13, and 14 wk of age (panels A, B, C, D, and E, respectively, mean ± SD, n = 6 per age/ timing per species). *P < 0.05; **P < 0.01. plasma TG level measured at T0 and all ages and the weight of fatty liver (g) measured in the same ducks at 14 wk of age was not significant (r = 0.11, P = 0.120; Figure 5 ).
DISCUSSION
In birds, lipogenesis occurs almost exclusively in the liver (Saadoun and Leclercq, 1987) . In this case of overfed ducks, the newly synthesized TG are mainly stored in the hepatocytes, inducing a large hepatic steatosis (Hermier et al., 1991) . The difference between the liver weight measured after 14 d of overfeeding in Muscovy and Pekin ducks is in agreement with data observed by Chartrin et al. (2006b) , suggesting that the birds in the present study accumulated in situ the fatty acids and that the degree of liver steatosis was different between the 2 species. Moreover, the average liver weight of Muscovy ducks corresponded to the optimum fatty liver weight usually marketed in France (about 500 g). The average liver weight of Pekin ducks was lower than the minimum fatty liver weight required for marketing, which is 300 g.
This study is the first to report original data on postprandial kinetics of plasma LPL activity in ducks. In a general way, the increase in plasma TG concentrations after a meal induced a decrease in LPL activity in both duck species fed ad libitum. When ducks were overfed, the same pattern occurred in Muscovy ducks, whereas in Pekin ducks, the LPL activity was maintained at high levels 1 and 2 h after a meal, in agreement with previous observations of Davail et al. (2003) . These authors reported that levels of LPL activity measured 90 min after a meal were similar in both species at the beginning of the overfeeding period then markedly decreased in Muscovy ducks to 14% of the initial value but remained high for Pekin ducks (79% of the initial value) after 10 d of overfeeding. These different responses between species during the overfeeding period could be under the hormonal control of insulin and glucagon, whose ratio was increased by 5-fold in Pekin ducks after 10 d of overfeeding but remained steady in Muscovy ducks . A higher accumulation of lipids in peripheral adipose and muscle tissues of Pekin ducks than in those of Muscovy ducks was previously reported (Chartrin et al., 2006a) , in agreement with the highest plasma LPL activity displayed by Pekin ducks in our study inducing extrahepatic fattening to the detriment of the liver steatosis. The same observation was done in chickens, for which an increase in LPL activity induced a strong peripheral accumulation of lipids (Whitehead and Griffin, 1982; Griffin et al., 1987) .
In our study, the values of LPL activity measured 8 h after the meal practically recovered to the initial values when ducks were ad libitum-fed at 5 and 9 wk of age. During the overfeeding period, the LPL enzyme was highly active and peripheral tissues were probably not able to renew the pool of active LPL, thereby accounting for the lower values of activity measured 8 h after the meal by comparison with the initial values. The measurement before the meal could then correspond to the basal level of the LPL activity in Muscovy and Pekin ducks. Plasma LPL activity measured before the meal was negatively correlated with the weight of the fatty liver measured in the same ducks at 14 wk of age, which is in agreement with previous studies with geese (Davail et al., 2000) . The correlation between plasma LPL activity and the weight of fatty liver was higher in ducks (r = −0.58) than in geese (r = −0.42). Moreover, there seems to be a threshold for LPL activity measured before the meal related to the ability to produce fatty liver. Actually, under our experimental conditions and for LPL activity measured before the meal, a LPL activity higher than 200 IU/L of plasma corresponded to a low development of fatty liver and inversely for a LPL activity lower than 150 IU/L of plasma.
Most of the time, Pekin ducks exhibited higher levels of plasma LPL activity than Muscovy ducks. When birds were ad libitum-fed, the postprandial kinetics of LPL activity was similar for both species. In overfed Pekin ducks, LPL activity remained high during the first 2 h after the meal then decreased, whereas it dramatically decreased in overfed Muscovy ducks just after the meal. Plasma LPL activity measured just before the meal could be used as a marker of hepatic steatosis susceptibility during the overfeeding period. Our observations should be confirmed on a larger number of birds and extended to other strains of ducks, including mule ducks (resulting from a crossbreed between male Muscovy ducks and female common ducks, mainly Pekin), which are the main ducks used for fatty liver production in France, by focusing mainly at 5 wk of age to have an early prediction. Finally, we did not find a significant correlation between plasma TG level and the susceptibility to hepatic steatosis development. Figure 5 . Relationship between the plasma triacylglycerol (TG) concentrations (mmol/L) measured before the meal and taking into account all ages and the fatty liver weight (g) measured in the same Muscovy and Pekin ducks at 14 wk of age (n = 30 per species); y = 0.0004x + 1.1358, r = 0.11, P = 0.120. Color version available in the online PDF.
